We statistically investigated winter-summer climatic connectivity between the winter North Atlantic Oscillation (NAO), and the summer Okhotsk High. We found that the winter NAO persistently influences the surface air temperature, snow cover over the Eurasia continent, sea ice and SST around the Barents Sea region from winter to summer. The warm air temperature anomalies in East Siberia make a preferable condition for upper-level blocking. Warm signals around the Barents Sea region excite the Rossby wave propagating toward the Sea of Okhotsk. In addition, regional persistency of the wintertime local phenomena, and their possible influence on the summertime Okhotsk High is examined. The negative phase of the winter NAO is related to the winter and spring heavy sea ice in the Sea of Okhotsk. The heavy spring sea ice in the Sea of Okhotsk brings about the cold SST around the Sea of Okhotsk. However, since the Okhotsk High does not have correlation with the SST around the Sea of Okhotsk in the previous month, the local connection of the sea ice in the Sea of Okhotsk with the summer Okhotsk High is unlikely. Associated with an enhanced Okhotsk High, cold SST anomalies appear to the east of Japan. This cold SST anomaly is a response to the cold air advection associated with the Okhotsk High. We suggest that the winter NAO remotely regulates both the winter sea ice, and the summer Okhotsk High.
Introduction
In early summer, the climate around the Sea of Okhotsk is characterized by the occurrence of the Okhotsk High, and its interannual variability is very large. The occurrence of the Okhotsk High brings about thick fog and cool wet weather conditions in northern Japan (Kudoh 1984; Kato 1985; Kawano 1989) . In addition, the Okhotsk High regulates the Asian summer monsoon and plays an important role in influencing the associated Baiu/Meiyu stationary front (e.g., Ninomiya and Mizuno 1985, 1987; Wang 1992) . Therefore, understanding the interannual variation of the Okhotsk High is important for not only regional-scale, but also large-scale climates. Recently, Ogi et al. (2003a Ogi et al. ( , 2003b found that summertime largescale atmospheric circulations are connected to the North Atlantic Oscillation (NAO) of the previous winter. They pointed out that in the year of a positive phase of the winter NAO, the summertime 500 hPa geopotential height anomaly field in the mid-latitudes is overall positive, especially over the Sea of Okhotsk, central Siberia, the British Isles and North America. Their result suggests the existence of a winter-summer large-scale remote connection with the climate around the Sea of Okhotsk. In their study, however, the relation of the winter NAO to the atmosphere over the Sea of Okhotsk is barely mentioned, because the scope of the study did not concentrate on the Sea of Okhotsk, but instead addressed hemispheric scale atmosphere. A study on the relationship between the sea ice in the Sea of Okhotsk and the Amur River discharge conducted by Ogi et al. (2001) , also suggested the existence of the winter-to-summer connection. They showed that the summertime river discharge, which is influenced by summertime atmospheric patterns, is closely related to the wintertime sea-ice variation, which is related to the wintertime atmosphere. This good correlation between the winter ice and the summer river discharge might be due to the atmospheric winter-to-summer connection.
In the present paper, large-scale winterto-summer atmospheric connectivity, influencing the summertime climate around the Sea of Okhtosk is investigated. To deduce this, correlation and linear regression analyses among the atmospheric circulation, SST, sea ice and snow cover from winter through summer, are applied. In addition, regional persistency of the wintertime local phenomena, such as sea ice and SST around the Sea of Okhotsk, and their possible influence on the summertime Okhotsk High is examined.
Data
Atmospheric data used in this study are from the National Center for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) monthly mean reanalysis dataset, with a 2:5 Â 2:5 regular latitude-longitude grid (Kalnay et al. 1996; Kistler et al. 2001 Yamazaki (2000) in detail. The JMA data is manually analyzed every 5 days, using the GMS, the NOAA satellite images, the SSM/I data and other available observations.
The remote connection between winter NAO and summer Okhotsk High
To confirm NAO's inter-seasonal connection, we calculated the regression/correlation coefficient of the SLP field in June, with the NAO index in January (Fig. 1) . A high positive correlation/regression area over the Sea of Okhotsk is obvious in this figure. This NAO's inter-seasonal connection with the summertime atmospheric pattern is in agreement with Ogi et al. (2003a Ogi et al. ( , 2003b , in which the wintertime NAO is related to the summertime atmospheric annular pattern in the troposphere. They showed that the wintertime NAO is related to the summertime hemispheric northsouth geopotential seesaw between the Arctic and circumpolar ring, in which strong signatures are in the Sea of Okhotsk, central Siberia and the British Isles. Ogi et al. (2003a) pointed out that the winter NAO index does not have a significant autocorrelation after March. The signal of the winter NAO can be memorized in the snow-cover, sea ice and surface oceans, and the anomalies memorized in them, then influence the summertime atmospheric circulations. To determine the ground hydrological and oceanic processes related to both the summertime Okhotsk High and the wintertime NAO, we calculated the correlation coefficients of variables related to the surface processes.
The correlation/regression of the surface temperature at 2-m in June correlating with the winter NAO (Fig. 2a) , displays large values over the mid-latitudes over northern Eurasia and northern North America, especially over central Siberia and the northern Sea of Okhotsk. Figure 2b shows the correlation coefficients of the NAO in January, with the SST, sea-ice, and snow cover in June. The warm color in the figure denotes a warmer SST, less sea-ice and less snow cover for the positive NAO index in winter. The snow cover and surface air temperature over eastern Siberia show significant correlations with the NAO in January. The positive NAO in January is associated with less snow and warm surface air temperature over eastern Siberia in June, which tends to reduce the upper-level westerly over the Sea of Okhotsk through thermal wind relationship and produce positive height anomalies there (see Fig. 2 in Ogi et al. 2003a ). In addition, the sea-ice over the Barents Sea is negatively correlated with the NAO in January, and the SSTs over the Barents Sea are also positively correlated with the NAO in January. Fig. 2 possibly indicates that the influence of the winter NAO is memorized in these regions, and that some of these memorized anomalies affect the interannual variation of the Okhotsk High.
To illustrate the inter-seasonal persistent signal in the surface temperature anomaly that is influenced by the winter NAO, we show the inter-seasonal variation of the surface temperature regressed with the winter NAO. Figure 3 shows the lag correlation of the surface temperature at 2-m along the latitude of 70 N with the NAO index in January. When the NAO is in a positive phase, the Eurasia continent is, as a whole, persistently warmer through March. This wintertime warm temperature over Eurasia is in agreement with previous studies (e.g., Hurrell 1996; Xie et al. 1999; Wu and Wang 2002; Ogi et al. 2003a Ogi et al. , 2003b . Moreover, the warm anomaly persists through spring around the Atlantic region. Especially over the Barents Sea (20 E-60 E) region, warmer anomalies persist until July. Wu and Wang (2002) pointed out that the winter AO influences the winter surface air temperature in the high latitudes of the Asian Continent and the Barents Sea. In addition, this persistency is in agreement with the persistency of other surface processes shown by Ogi et al. (2003a) , who showed that anomalies of the Eurasian snow cover, Barents SST and Barents sea ice, persist from spring through summer. Figure 4 shows the correlation/regression coefficient map, between the winter NAO index and the geopotential height at 500 hPa in June. Over the Sea of Okhotsk region, a positive high correlation, which corresponds to the Okhotsk High, is obvious, and a wave-like pattern from central Siberia to eastern Siberia can be seen. Wang (1992) , and Wang and Yasunari (1994) pointed out that eastward Rossby wave propagation from the west of East Siberia, might be one of the possible factors for forming the Fig. 1 . Fig. 4 . The correlation/regression of the monthly geopotential height at 500 hPa in June, with the NAO index in January. Arrows indicate the wave-activity flux (m 2 s À2 ) at 300 hPa, formulated by Takaya and Nakamura (1997, 2001) . The shadings are the same as those in Fig. 1. Okhotsk High. However, they did not clearly point out the source region of the Rossby waves. The wave-like pattern in Fig. 4 suggests that the Rossby wave excited over central Siberia propagates toward the Sea of Okhotsk, and possibly influences the atmospheric circulation around the Sea of Okhotsk. Arrows superimposed in Fig. 4 are the wave activity flux formulated by Takaya and Nakamura (1997, 2001 ) at the 300-hPa level. The arrows clearly exhibit the eastward flux mainly emanating from the southern coast of the Barents Sea, in which the sea ice, SST and surface temperature anomalies are significant (see Fig. 2 ) toward the north of the Sea of Okhotsk. This wave activity flux pattern suggests that the surface anomalies around the Barents Sea, which are attributed to the variation of the winter NAO, excite the Rossby wave propagating in a downwind direction toward the Sea of Okhotsk, and then enhance the Okhotsk High. From the Okhtosk region, the wave propagates to the North Pacific and the Arctic, generating negative anomalies. The negative anomalies in the North Pacific are located at the eastward extension of the Baiu frontal zone.
A possibility of regional sea ice influence on the Okhotsk High
Our main findings is that the wintertime NAO has a linkage to the following summertime Okhotsk High. We suggest that the signal of the wintertime NAO is memorized in the snow over Eurasia and the sea ice, SST over the Barents Sea. Along with this remote influence, the sea ice in the Sea of Okhotsk may locally influence the atmosphere around the Sea of Okhotsk, through the summer SST in, and around, the Sea of Okhotsk. The Sea of Okhotsk is covered by sea ice from November through May, and the interannual variability of the Okhotsk sea ice is quite large (e.g., Tachibana et al. 1996) . Many previous studies on the wintertime environmental atmospheric conditions have pointed out that the winter sea-ice in the Sea of Okhotsk, is associated with wintertime large-scale atmospheric anomalies (e.g., Cavalieri and Parkinson 1987; Parkinson 1990; Tachibana et al. 1996) . Yamazaki (2000) pointed out that the winter NAO, and the sea ice extent in the Sea of Okhotsk, has a negative correlation of À0.46. On the other hand, the extreme change of the sea-ice is suggested to influence large-scale atmosphere as well as local atmosphere (Honda et al. , 1999 . In addition, because the auto-correlation of the sea-ice has a large persistency from winter to spring (Yamazaki 2000) , the spring sea-ice, as well as the winter sea-ice, must be regulated by wintertime atmospheric patterns. Table 1 shows the auto-correlation of the sea-ice in the Sea of Okhotsk from December through May. The correlation coefficients among all the months are positive. Due to the absorption of the latent heat during melting periods, springtime ice may prevent the SST from rising. Therefore, there is the possibility that the local variations of the SST in the Sea of Okhotsk in late spring and early summer may influence the Okhotsk High. To examine the relationship among the interannual variations of the sea ice in the Sea of Okhotsk in spring (April-May), the monthly mean SST and the SLP from spring to summer. We calculate the correlation/ regressions coefficients among them. First, the relationship between the spring (April-May) sea ice in the Sea of Okhotsk, and the SST from April to June is shown in Figs. 5a , 5b, and 5c. The simultaneous correlation/regression for April and May (Figs. 5a and 5b) shows that the regression coefficients in the southeast Sea of Okhotsk, northern North Pacific and the Bering Sea are overall negative, and that the correlation coefficients in these areas exceed the statistically significant level of 99%. The large negative correlation area in the northern North Pacific, moreover, persists through June (Fig.  5c ). This high correlation/regression area for July, however, becomes narrower (not shown). This represents the fact that after the heavy spring ice cover in the Sea of Okhotsk, the negative SST anomaly in the northwestern North Pacific persists through the early summer. However, no persistent signal of the SST can be seen within the Sea of Okhotsk. In Fig.  5c , the positive SST anomalies east of Japan are enhanced in June, which can be interpreted as the effect of the Okhotsk High, and will be discussed later. Figures 5d, 5e and 5f show the correlation/ regression of the SLP from April to June with the spring sea ice in the Sea of Okhotsk. Patterns in April (Fig. 5d) show a positive correlation over the Sea of Okhotsk, whose statistical significance is, however, weak. In May (Fig. 5e) , no significant correlation signal can be seen in and around the Sea of Okhotsk. However, in June, negative correlation/regression coefficients over and around the Sea of Okhotsk are significantly high, and the high correlation area covers most of the Sea of Okhotsk, and the western Bering Sea. In July, the statistically significant area mostly disappears (not shown). The results shown in Fig. 5 indicate that when the sea ice in the Sea of Okhotsk is heavier than normal, the persistency of the SST in the Sea of Okhotsk is small, but in contrast, in the northwestern North Pacific, the persistency is quite large.
In addition, we examine the correlation coefficient between the surface temperature at 2-m, the SST and the Okhotsk High index, which is defined as the area-averaged SLP over the region 50-60 N, 140-160 E in June, are shown in Fig. 6 . The contour lines over the ocean in the figure denote SST correlation with the Okhotsk High, the shadings over the ocean are sea ice correlation with the Okhotsk High, and the contour lines over the land are the surface temperature correlation with the Okhotsk High. The simultaneous correlation of the surface temperature with the Okhotsk High (Figure 6b) , shows a positive correlation area over the land north of the Sea of Okhotsk, and the land south of the Barents Sea. A negative correlation of sea ice is found in the Barents Fig. 5 . The maps of the correlation and regression coefficients of the monthly mean sea surface temperature (SST) (Fig. 5a : April, 5b: May, 5c: June), and the monthly mean sea level pressure (SLP) (Fig. 5d , 5e, 5f ), with the sea-ice extent index averaged from April through May over the Okhotsk Sea (OSI) from 1971 through 2000. The shadings are the same as those in Fig. 1 . The contour interval is 0.1 K in Fig. 5a , 5b, 5c and 0.5 hPa in Fig. 5d , 5e, 5f.
Sea. The positive correlation over the northern Eurasia area is the same areas as those of the positive relationship between the surface temperature in June, and the winter NAO index (Fig. 2a) . These results further support that the winter NAO influences surface temperature and snow cover, and these memorized anomalies affect the Okhotsk High. An elongated negative area is seen from Lake Baikal to the northwestern Pacific. The strong Okhotsk High is associated with warmer surface air temperatures to the north and colder temperatures to the south. This meridional gradient of low-level temperatures implies a weakening of upperlevel westerly flow through the thermal wind relationship, and it is consistent with the fact that the Okhotsk High is usually accompanied by an upper level blocking. In the northwestern Pacific, although the negative values persist through the following month (July), they do not appear in the previous month (May). This fact suggests that the SST anomalies in the northwestern Pacific is not a cause of the Okhotsk High, rather they are generated by the atmospheric circulation anomalies associated with the strong Okhotsk High. The northerly cold air advection to the east and south of the Okhotsk High, may cause the cold SST anomalies in the northwestern part of the North Pacific. Arrows in Fig. 7 show the regressed surface wind at 10-m in June with the Okhotsk High index, and contours in Fig. 7 show the climatology of the surface air temperature at 2-m in June. The cold advection is obvious over the negative SST region, which lies to the east of Japan shown in Fig. 6(b) . the region to the east of Japan. In this respect, the SST anomalies associated with spring sea ice in the Sea of Okhotsk (Fig. 5a , 5b) do not affect the formation of the Okhotsk High. Rather, the Okhotsk High causes the SST anomalies in the region to the east of Japan. In Fig. 5c , which shows correlations between spring sea-ice and SST, the positive SST anomalies east of Japan are enhanced in June. This can also be interpreted as the effect of the Okhotsk High.
Conclusions
This study has examined connectivity between the wintertime NAO and the summertime Okhotsk High in the interannual time scale. When the NAO in January is in a positive (negative) phase, the Okhotsk High in June is stronger (weaker) than normal. The wintertime NAO leaves strong memories in snow in Eurasia, in the sea ice and the SST over the Barents Sea. These strong memories persist through summer. In addition, the memorized surface anomalies excite the stationary Rossby wave in the Barents region, and propagate eastward to the Sea of Okhotsk. As a result, the wintertime NAO has good connectivity with the summertime Okhotsk High in the interannual time scale.
From the local inter-seasonal point of view, springtime anomalous light coverage of the sea ice over the Okhotsk Sea is connected with the strong Okhotsk High. The Okhotsk high correlates the SST in the Barents Sea, the surface temperature of the southern continent of the Barents Sea and the northern continent of the Sea of Okhotsk. The Barents area is influenced by the winter NAO influence. The good correlation between the springtime sea ice in the Sea of Okhotsk, and the summertime Okhotsk High, is not the direct physical relation. Both variations are caused by the winter NAO.
Our findings suggest that the winter NAO is a predictor for the summertime Okhotsk High, which strongly influences the summertime Asian monsoon (e.g., Ninomiya and Mizuno 1987) . Therefore, the finding in this paper has an important implication for forecasting the summertime East Asia climate.
